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bare  been  tpiantitatieely  analysed.  Nitrous  ooclde,  aaiaonia,  water  and  some 
carbon  dlaodde  were  found.  Various  propez*tles  of  the  thezsel  deeoaiposltlon 
have  been  deteralned,  and  a nechanlsB  for  decoBq;K>sltlon  proposed.  The  kinetic 
rate  equation  for  the  thermal  deccaq>osltion  of  nltroguanldlne  has  been  deter- 
sdned.  It  appears  that  the  nltroguanldlne  sinrface  Is  poisoned  by  either 
gaseous  or  solid  decomposition  prodxicts. 


Explosives  Research  Department 
U.  S.  NAVAL  ORUIANCE  LABORATORT 
WHITE  OAK,  MARILAND 


1 

RESTRICTED 
SECURnr  INFORMATION 


RESTRICTED 


SAVT.RD  Report  2705 


19  Jaaoary  1953 


'nils  stitdy  was  carried  out  under  T&ek  AsklgoBent  II0L-Re2d-O2-l-53>  in- 
foraifitlon  develoiwd  is  belleTed  to  'be  correct  with  regard  to  nltrogaanidiaj 
alone.  Its  beharlor  In  a propellent  eonqpoeltlon  nay  'be  ntodlfled  by  the 
presence  of  other  coBg>ound>. 


KIWARD  L.  WDODYARD 
Captain,  USH 
Coneander 

(%i 

Paul  M.  Pye  ^ 
By  direction 


11 

RESTRICTED 
SBcuKTrr  noroiwATiOB 


RESTRICTOD 
NAVDBD  Report  2705 


C0NTE3WS 

Page 

Abetract 1 

IntroduetloB 1 

Experlmatal 1 

1.  Tbenial  Decoapoeltlon 1 

2.  Otiantltatlve  Analyeis  of  Oaaeoua  Products. 2 

a.  Absorption  lYaln  for  Gaseous  Prodticts 2 

b.  Quantitative  Analysis  of  Ansonla  and  Water 2 

c.  Quantitative  Analysis  of  Carbon  Dioxide 3 

d.  Quantitative  Analysis  of  Nitrous  Oxide 3 

3.  Infrared  Speetrun  of  Solids... 3 

U.  Materials  Used 3 

Results  of  Thermal  Decomposition  of  Nitroguanldlne 4 

1*  Solid  Products  of  Thezmal  Deconposltion 4 

2.  Gaseous  Products  of  Theimal  Decosiposltlon. 5 

a.  Nature  of  Gaseous  Products * 5 

b.  Evolution  of  Nitrous  Oxide 5 

c.  Oxygen -Bearing  Dscomposltion  Products 5 

d.  Evolution  of  Asnonla  and  Water 9 

e.  The  Ratio  of  Nitrous  Oxide  to  Asnonla..... 9 

Discussion  of  Results 9 

1.  Mechanism  of  Thersml  Decomposition 9 

2.  Application  to  Burning  of  Nltroguanl  dine  Propellants 10 

Results  of  Kinetics  of  Thermal  Decoeqx>sitlon 10 

1.  The  Kinetic  Rate  Equation 10 

2.  Kinetic  Characteristics  of  Decomposition 12 

3.  Evaluation  of  Rate  Constants 12 

4.  Rate  of  Decomposition  for  Various  Species  of  Nltroguanidlne . . . . 13 

Summery l4 

Acknovled^ent 15 

References l6 

TABLES 

Table  I - Decomposition  of  Nltroguanidlne  at  200°C..... 6 

Table  II  - Dscomposltion  of  Nltroguanidlne  at  240  - 242  C 7 

Table  HI  - DecceGwsition  of  Nltroguanidlne  at  300  - 302*^C 6 

Table  IV  - Kinetic  Data  for  the  Deccnposltlon  of  Nltroguanidlne. . ......  13 

ILLUSTRATIONS 

Figure  1 - Apparatus  for  Collecting  Gaseous  Products  of  the  Thermal 

Decomposition  of  Nltroguanidlne 17 

Figure  2 - Cross  Section  of  Beating  Uhlt  vlth  Saaqple  Tibe  In  Place.. »..  18 

Figure  3 ’ Absorption  TValn  for  Gaseous  Products  of  Thermal 

Decosiposltlon 19 

Figure  4 - The  InfVared  Spectrum  of  MelaalDe  and  the  Sublimate  of 

a 240°C  Thermal  Decomposition  of  Nltroguanidlne 20 

Figure  5 - The  Infrared  Speetrun  of  Dlcyandlamlde  Suspended  in  Nujol...  21 

Figure  6 - The  Inftmred  Speetzan  of  Ground  Nltroguanidlne  Crystals 

Suspended  In  Nujol 22 

111 

RBSTStICTED 
SECUPITT  INFORNATION 


BESmCTBD 
SA70RD  Raport  2705 


Figure  7 - Fropoeed  Soheae  of  Derle  and  Abraai  for  the  Tbeiaal 

DBCoiVMltloa  of  Hltroguanldlne* 23 

Figure  6 - Altonetlri  Sehem  for  tta*  Thexaal  Deeoqpoaltioii  of 

Ml  trogueaidlne...  2k 

Figure  9 > The  Infrared  Speetrae  of  tbe  0«Moaa  Prodneta  of  the 

Thenwl  Deeoapoeltlon  of  Vltroguanldlae  at  170°C 25 

Figure  10  > Tbe  Infrared  Speetroe  of  the  OaMona  Prodnote  fron  the 

Solid  Realdtae  of  a 2lK>  C Deco^poeltloa  Reheated  to  fOO^C 26 

Figure  11  > "Reedle-Uke  Hltroguaaldine  Cryetale"  la  Aq^eone  Solution 

Fleved  fron  the  Bottoa  of  an  trlenneyer  Flaak**...*.. 27 
Figure  12  > Thexnal  Deeonpoeltlon  of  "Orouad  lltroguaaidlae  Cryatale" 

at  189^  for  Lov  Tines  and  Peroantafe  Decomposition 87 

Figure  13  *■  Tbexval  Decomposition  of  "Orouad  Hitrogaaaldlns  Crystals" 

at  189^ 28 

Figure  ll^  - The  Thexual  Deeonpoeltlon  of  "Orouad  Rltrognaaidlne  with 

Catalyst"  at  189°C 29 

Figure  15  - Themal  Decomposition  of  "Pressed  Hltroguanldlne  Crystals" 

at  1890c 30 

Flmire  16  - Thenul  Deconpoeltlon  of  "Orouad  Crystals  from  Ifeedle-lllGe 

iritroguanldlne”  at  l89^C 31 

Figure  17  - Thennal  Decoeq^ltlon  of  "Eastnan  Kodak  Sitroguanldlne 

Crystals"  at  I69PC 32 

Figure  18  - Tbe  Themal  Dscosposltlon  of  "Reedle-llhs  lUtroguanldine 

Crystals"  at  l89^C 33 

Figure  19  - Themal  Decomposition  of  "Orouad  lUtroguaaldias  Crystals" 

at  195.*»oc 3^ 

Figure  20  - Themal  Decomposition  of  "Orouad  Hltroguanldlne  Crystals" 

at  200°C 35 

Figure  21  - Plot  of  -log  k es.  1 n 105  ( ir^) 36 

f 

Figure  22  - PhotcBd.crographs  of  "Orouad  Hltroguanldlne  Crystals"  at 

Various  Stages  of  Themal  Decomposition 37 

Figure  23  - Fhotoederographs  of  "Orouad  Hltroguanldlne  Crystals*  at 

Various  Stages  of  Themal  Decomposition 36 


It 

RESTRICTED 
SECURm  IRFOBNATIOH 


RESTRICTED 
NAVDRD  Report  2705 


TOE  THERMAL  DECOMPOSITION  OF  NITROGUAKIDIIIE 


INTRODUCTION 

Nitroguanldixie  is  a primary  constituent  of  many  so-called  cool  propellants. 
A study  has  been  made  of  the  thermal  decomposition  of  nltroguanldine,  In  order 
to  better  understand  the  mechanism  of  the  Ignition  of  this  type  of  propellant. 

The  thennal  decomposition  of  nltroguanldlne  has  prerlously  been  studied 
by  Davis  and  Abrams  (a).  TOey  devoted  most  of  their  efforts  to  an  analysis  of 
the  solid  residue  and  sublimate  of  the  decomposition.  TOls  report  deals  pri- 
marily with  the  gaseous  products  of  the  decomposition  and  with  the  reaction 
kinetics  of  the  system. 


EXPERIMEIfrAL 

1,  Iheieial  Decomposition 

Experiments  on  the  thermal  decomposition  of  nltrogxianldlne  were  carried 
out  In  the  apparatus  Illustrated  In  Figure  1.  A sample  of  nltroguanldlne, 
vhlch  had  previously  been  dried  for  two  hourrs  In  a vacuum  desslcator,  vaa 
placed  In  tube  A,  a pyrex  glass  tube  of  approximately  8 mm.  outside  diameter. 
TOls  tube  was  heated  under  vacuum  for  one -half  hour  prevloiis  to  Its  use.  Ihe 
system  from  stopcock  2 to  tube  A was  then  evacuated  for  thirty  minutes  with  a 
Hymc  pvnp,  and  a Dewar  flask  containing  liquid  nltirogen  was  placed  around  trap 
C.  After  stopcock  2 was  closed,  the  system  from  stopcock  2 to  tube  A was  under 
vacinm.  An  electric  furnace  at  the  desired  temperature  was  then  moved  so  that 
tube  A fitted  snugly  within  a heavy  copper  sheath  within  the  furnace.  See 
Figure  2.  Time  was  measured  from  the  moment  the  furnace  surrotmded  the  sample 
tube. 


TOe  gaseous  products  of  decomposition  are  condensable  at  liquid  nitrogen 
temperaturss.  The  gaseous  products  were  collected  for  a desired  length  of  time 
In  trap  C,  Figure  1,  duzlng  which  time  a vacuum  was  drawn  up  to  stopcock  1 
through  open  stopcocks  3 end  U.  a Dewar  flask  containing  liquid  nitrogen  was 
next  placed  around  trap  B.  Stopcock  3 vas  then  closed,  the  time  recorded,  and 
stopcock  1 turned  so  that  the  gaseous  products  from  A began  to  collect  in  trap 
B.  Stopcock  5 vas  closed,  and  trap  C,  still  surrounded  by  liquid  nitrogen  and 
containing  condensed  gaseous  prodmets,  was  removed  from  the  system  for  analysis. 
A new  trap  was  put  In  Its  place,  and  the  process  repeated.  Thus  about  five 
gaseous  samples.  If  desired,  could  be  drawn  from  the  thermal  decomposition  of 
one  nltroguanldlne  saxple. 

AutOBwtle  temperature  control  was  obtained  by  a Wheelco  potentlotrol 
through  a ehroBel  - alumel  thermocouple  described  In  Figure  2.  Continuous  tem- 
perature readlni^  were  facilitated  by  a Brown  temperature  recorder  calibrated 
for  a chroBwl  - alumel  thezvoeouple. 
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2«  QuantltatlT>  Analytla  of  0— «OM  Product* 

a.  Abaorptioa  T^ain  for  Q•^eo^^^  Product* 

nrap  C containing  the  condensed  gaseous  products  was  placed  In  an  absorp* 
tloo  train  as  described  In  figure  3*  Absorption  tub*  A eontelnsd  aatajrdrans, 
crystalline  aagneslun  perchlorate,  to  reaore  asnonla  and  water  <|uaatltatissly* 
Absorption  tub*  B absorbed  carbon  dioadde  and  was  filled  two-tMrds  with  as* 
earlte,  a sodlun  hydroxide -asbestos  adsorbent  nlxtur*,  and  ons-thlrd  with 
anhydrooe.  Trap  D,  which  was  surrounded  by  liquid  nitrogen,  condensed  nitrous 
oxide.  Absorption  tubes  E and  T,  containing  anbydrone  and  ascarlte  respeetisely, 
were  placed  In  front  of  the  saaple  trap  In  the  train  In  the  usual  fashion.  Trap 
0 surrounded  by  liquid  nitrogen  was  eaployed  as  a safety  for  trap  0 to  present 
oxygen  In  the  air  fros  diffusing  to  the  latter  trap.  BsUun  rather  than  air 
was  used  as  a flushing  agent  because  oj^gen  Is  condsnsed  at  liquid  nitrogen  ten* 
peratnres. 

Before  the  saople  trap  was  placed  In  the  absorption  train,  the  train  was 
flushed  with  bellisB  for  one  hour.  Drawing  air  through  the  train  by  suction 
for  20  nlnutes,  was  followed  by  weighing  the  anhydrooe  and  aacaurite  tubes,  A 
and  B,  against  respectlse  tared  tubes.  The  systen  was  flushed  with  heliun  once 
again  before  the  gaseous  product  trap  C,  still  inersed  In  a Deweir  flask  con* 
talnlng  liquid  nitrogen,  was  placed  In  the  train. 

With  the  sanple  trap  in  the  train  and  the  Dewar  flask  renored,  the  syntsai 
was  swept  with  heliun  by  preseui^e  for  60  - 90  nlnutes  depending  on  the  sine 
of  the  saeiple.  At  the  end  of  this  tins,  trap  D,  containing  condensed  nitrous 
cadde,  was  closed  and  rsnoved  fron  the  systen.  An  aspirator  was  attached  to 
tbs  train,  and  air  was  drawn  through  the  systen  for  20  nlnutes  In  order  to 
replace  the  bellia.  The  tubes  containing  anhydrooe  and  ascarlte  were  then 
weighed  against  tares. 

It  was  noticed  that  as  the  condensed  gaseous  products  trap  C warned  up 
after  renorlng  the  cold  trap,  a white  precipitate  foxned  on  the  Inside  of  the 
trap  as  room  temperature  waa  reached.  The  precipitate  disappeared  with  tlsM, 
and  when  the  heliun  flushing  was  completed,  no  precipitate  could  be  seen. 

This  precipitate  was  belleeed  to  bawe  hssn  brought  about  by  the  cosibinstloB 
of  asBonla,  carbon  dioxide,  and  water. 

b,  Quantltatlsu  Analysis  of  Awnanln  and  Water 

The  conbined  weight  of  asMola  and  water  was  obtained  froai  the  dlffeiune* 

In  the  weight  of  the  axthydrone  tube.  After  weighing,  the  anhydxone  (15  greaw) 
was  quantitatively  transferred  to  an  Srlenasyer  flask  containing  uxaetly  10  nl. 
of  .1  If  hydrochloric  acid  and  50  nl.  of  distilled  water.  To  dstemlae  the 
asKnint  of  aasonla  present,  this  solution  was  then  baek*tltrated  with  .02  I 
sodltni  hydroxide  solution  using  two  drops  of  nethyl  red  as  an  Indicator.  The 
anhsrdrons  used  was  slightly  basic,  but  Its  degree  of  basicity  did  not  tary 
from  saaple  to  sample  drawn  fron  the  sane  bottle.  As  an  added  precaution,  a 
blaxik  anhydrone  sample  was  always  taken  along  with  a dsconpesltloo  sample. 

Runs  nads  with  known  anounts  of  nnnnniH  prorved  ths  validity  of  this  nsthod  of 
analysis.  The  snount  of  water  in  the  anhydrone  tube  was  obtained  trm  ths 
difference  between  the  known  combined  weight  of  water  and  aiHonla,  and  tbi 
calculated  weight  of  wfmls. 
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c,  Quantltatlye  Analyele  of  Cerbon  Dioxide 

Ccorbon  dioxide  was  ceJ.c\UAted  directly  fron  the  weight  of  the  aecarlte 
tube. 

d.  Quantitative  AnalyBle  of  Rltrous  Oxide 

Cold  trap  D,  Figure  containing  gaeeoue  helium  and  condensed  nitrous 
oxide,  V818  attached  to  a glass  gaseous  expansion  apparatus.  The  system  in- 
cluded an  Inflrared  cell,  10  cm.  In  length,  which  had  rock  salt  windows.  The 
cold  trap,  still  surroxmded  hy  a Dewar  flask  containing  llould  nitrogen,  was 
pumped  down  to  10  nm.  pressure  of  helium,  and  the  Deweo*  flaisk  was  restoved. 
Oaseous  nitrous  oxide  was  then  allowed  to  expand  Into  the  evacuated  infrared 
cell.  After  removing  the  cell  frcn  the  system,  air  was  let  Into  the  Infrared 
cell  till  atmospheric  pressure  was  reached. 

Uhder  ataospherlc  pressure,  the  Infrared  absorption  of  nitrous  oxide  Is 
fairly  Insensitive  to  the  presence  of  other  gases.  At  a total  pressure  of 
the  order  of  30  mm.,  the  Infrared  absorption  of  nitrous  oxide  is  extremely 
sensitive  to  foreign  gases  (h).  A calibration  curve  of  log  Iq/I  vs.  pressure 
of  nitrous  oxide  at  a total  pressure  of  J60  ma.  allowed  us  to  calculate  the 
pressure  of  an  unknown  sasiple  of  nitrous  oxide  fron  Its  absorption  coefficient. 
The  absorption  of  nitrous  oxide  was  measured  In  a Perkin  Elmer  Infrared  spec- 
trcsmter  model  #12C  using  a rock  salt  prism.  The  absorption  band  used  was 
the  doublet  at  i.6  *i  that  remained  unresolved  at  a slit  width  of  .060  nn. 

The  method  of  condensing  nitrous  oxide  In  the  train  was  tested  with 
known  asiounts  of  nitrous  oxide  and  was  shown  to  be  analytical.  An  Infrared 
spectnm  from  2 - , using  a double  beam  Perkin  Elmer  Infrared  spectro- 

meter model  #21,  was  taken  of  the  gaseous  products  In  the  nitrous  oxide  cold 
trap  D,  Figure  3*  Vto  trace  of  ammonia  was  found. 

In  the  kinetic  studies  of  the  thexmal  decomposition  of  nltroguanldlne.  It 
was  only  necessary  to  measure  the  amount  of  nitrous  oxide  evolved,  since  this 
was  a measure  of  the  asiount  of  nltroguanldlne  decomposed.  The  procedure  for 
the  collection  of  nitrous  oxide  was  the  same  as  described  above.  Of  course 
It  was  unnecessary  to  weigh  the  anhydrone  and  ascarlte  absorption  tubes. 

3*  Infraivd  Spectrum  of  Solids 

The  Infrared  spectrums  of  some  solid  samples  were  taken  using  the  double 
bean  Pexkln  Elser  model  21  spectrometer.  The  solid  saaqples  were  ground  In 
a mortar,  and  a "mull"  was  prepared  with  nujol.  Rock  salt  faces  were  used. 

Very  often  a blank  sasiple  using  Just  the  suspending  oil  was  placed  In  the 
reference  beam  of  the  double  beam  spectrometer  to  cangpensate  for  the  absorption 
of  the  nujol. 

U.  Materials  Used 

The  nltroguanldlne  used  In  the  experlaients  was  Eastman  Kodak  White  Znbel 
nltroguanldlne.  Ihless  otherwise  specified,  this  siaterlal  was  used  In  a form 
that  Is  deacrlbed  below  as  "ground  nltroguanldlne  crystals".  A list  Is  given 
below  of  various  species  of  nltroguanldlne  used  In  this  research.  The  species 
will  henceforth  be  referred  to  by  the  name  In  quotations. 
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"ground  nltroguanldlne  crystal*":  nltroguanldlne  that  waa  ground  in  a 

Fisher  Motor-Driven  Mortar  Grinder  for  two  hours  and  had  a powdery  appearance. 

"needle -like  nltroguanldlne  crystals":  nltroguanldlne  that  had  been  re- 

erystaUlsed  fron  aqtieous  solution  three  tines,  and  had  renalned  In  contact 
with  the  Mother  solution  for  one  week.  The  naterlal  had  the  appearance  of 
long  hollow  needles  about  I/2"  long. 

"Sastnan  Kodak  nltroguanldlne  eryetale":  nltsroguanldlne  obtained  fron  a 

bottle  of  Bastnah  Kodak  White  Label  nltroguanldlne. 

"pressed  nltroguanldlne  crystals":  nltroguanldlne  that  was  pressed  to  a 

pellet  under  vaeuni  at  a pressure  of  48,000  Ibe./ls^.  Ikls  pellet  was  quite 
hard  and  had  a density  of  1.68  grans/cnl. 

"ground  nltroguanldlne  crystals  with  catalyst":  nltroguanldlne  that  had 

been  ground  together  with  1.92^  ^ ^ weight.  Ihls  naterlal 

was  gray  In  color,  but  In  texture  slnllar  to  "ground  nltroguanldlne  crystals". 

"ground  crystals  fron  needls-Uke  nltroguanldlne  crystals"!  needle-Uhe 
nltroguanldlne  crystals  that  had  been  ground  for  two  hours  In  a Fisher  Notor- 
Driven  Mortar  Grinder. 

RBSOLIS  CF  1EBRMAL  DBCONPOBZTIOV  OF  RimXlOAlIDIllE 

1.  Solid  Products  of  Tbeiml  Decostposltlop 

The  thensal  decosqKisltlon  of  nltroguanldlne  resulted  In  four  separate 
products: 

1.  A solid  residue  brownish  gray  In  color  depending  on  the  tsngperetw'u 
heated. 

2.  A white  eubllmte  that  fonsed  at  the  nonth  of  the  furnace  at  the 
Junction  of  the  hot  and  cold  portlaB  of  the  eanpls  tube. 

3.  A fait  white  eubllnate  la  the  liquid  nitrogen  trap. 

4.  Gaseous  prodnets. 

The  rssldns  was  exanlaad  in  the  Infrared,  but  little  Infoxsntloa  was 
obtained  because  of  the  aaorphous  nature  of  the  product. 

An  ezsBlnatlaii  of  the  spectral  of  the  sublinate,  product  no.  2,  Figure  4, 
Indicated  the  presence  of  nltroguanldlne,  dlcyandlandde,  and  nelaadm.  The 
latter  two  eenpounds  are  the  dinar  and  trlnar  of  eyansnlde  respeetlwely.  Ihe 
Infrared  speotrus  of  purs  eanplsa  of  nitrognanldlna,  dleyandlanlde,  and  nelanine 
are  given  In  Flgurea  4,  3,  and  6.  Figure  4,  the  speotrus  of  the  suMinate  wl^ 
that  of  pure  nelanine  suparlnposed,  shewed  that  nelanine  aceounted  for  all  of 
the  infrared  absoeptioa  of  the  suhllnate  with  the  exception  of  absorptions  at 
4.25>,  » t 8 and  snail  absorptions  at  10.^  and  12.63^ . Tha  douhls 
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absorption  at  U.25,^  was  assigned  to  dlcyandlaalde  and  Is  In  a region  very 
characteristic  of  a C - N absorption  (c).  The  absorption  at  7*8x  was 
attributed  to  nltroguanldlne,  which  has  Its  strongest  absorption  In  this 
region,  due  probably  to  the  nltro  group  (c).  Nltroguanldlne  has  a strong 
absorption  also  at  12.8  ‘i  . Dlcyandlamlde  has  an  absorption  at  about  8^  and 
another  at  10. 75^^  froei  Figure  5.  Thus  all  the  differences  in  the  spectrums 
of  the  sublliaate  and  nelaadne,  Figure  4,  were  attributed  to  nltroguanldlne 
and  dlcyandlanlde.  It  should  be  noted  that  the  weak  absorptions  of  the  latter 
casq>ounds  in  the  subllaate  seen  to  have  shifted  the  peak  heights  to  sUj^tly 
longer  wavelengths. 

Darls  and  Abrasis  (a)  have  previously  repoirted  the  subllaate  as  consisting, 
for  the  most  part,  of  nltroguanldlne  and  melaalne. 

2.  Gaseous  Products  of  Theimal  Decosgioaltlon 

a.  Nature  of  Gaseous  Products 

Thenaal  decosipositlons  of  nltroguanldlne  were  run  frcin  l6o°C  to  500°C, 
and  In  aTI  cases,  the  gaseous  products,  as  identified  by  Infrared  spectra, 
consisted  of  the  following  four  gases:  nitrous  oxide,  amaonla,  water  vapor, 

amA  carbon  dioxide.  Ko  gases  were  evolved  that  could  not  be  condensed  in  a 
liquid  nitrogen  cold  trap.  Tables  I,  II,  and  HI  give  the  analytical  results 
of  the  thermal  decomposition  of  nltroguanldlne  at  200°C,  24o®C  and  300°C. 

b.  Evolution  of  Nitrous  Oaclde 

It  seems  qiilte  clear  from  the  themal  deconposltlon  at  240*^0,  the  so- 
called  "melting  point”  of  nltroguanldlne,  Thble  H,  that  for  every  mole  of 
nltroguanldlne  that  deconposes,  one  mole  of  nitrous  oxide  Is  evolved.  We  can 
asstane  that  the  difference  between  the  percentage  of  nltroguanldlne  that  deeon* 
poses  at  240*^C,  as  Indicated  by  nitrous  oxide,  9^,  and  conplete  decosipositlon, 
100)1,  is  due  to  sublimation  of  the  nltroguanldlne . Davis  and  Abrams  (a)  using 
a slightly  different  experimental  set-up,  found  that  8.1)1  of  the  orlglniCL 
starting  material,  nltroguanldlne,  was  found  In  the  sublimate  and  residue  at 
233  - 237^0.  This  latter  value  seems  to  be  In  good  agreement  with  our  results. 

At  a teo(perature  of  300°C,  Table  III,  only  73*4)(  of  the  nltroguanldlne 
dec0BQ>oses,  according  to  the  nitrous  oxide  evolved.  This  can  be  attributed  to 
Increased  sublimation  caused  by  the  higher  temperature  and  faster  rate  of  heating 
of  the  nltroguanldlne.  It  thus  was  deemed  possible  to  calculate  the  degree  of 
deconposltlon  of  nltroguanldlne  tram  the  amount  of  nitrous  oxide  evolved. 

c.  Oxygen-Beailng  Decomposition  Products 

The  percentage  of  oxygen  recovered  In  the  gaseous  prodticts,  based  on 
the  amount  of  oxygen  available  tram  nltroguanldlne  that  actuAiiy  decomposes 
(not  Including  sublimed  nltroguanldlne).  Is  of  the  order  of  91)»  oxygen  (O) 
for  the  three  temperatures  measured.  Davis  and  Abrens  (a),  analyzing  the 
residue,  found  10*51(  oxygen  In  the  tom  at  aaaellne  and  amnelide  present.  Their 
value  Is  In  good  agreement  with  our  value  of  approximately  Si  oxygen  by  differ- 
ence. The  scheme  of  decomposition  proposed  by  Davis  and  Abrams  (a).  Is  given 
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Tftble  in 

Decooiposltlon  of  Hltroguanldlne  at  300 

- 302°C 

Heated  for  26  Mlxmtea 
Moles  X 10^ 

Ratio  R2O/RE3 

NgO 

9.1H 

2.83 

3.32 

6,kl 

CO2 

9.6 

Nltroguanldlne 
Starting  Material 

12.82 

i>  Nltroguanldlne 
Decoaq^sed  Bued 
on  1^0 

73.1^ 

Wt.  ^ of  Gaseous 
Products  to  Total 
l>ecoaQ>osed  Material 

64.1 

Oxygen  Balance 

Mg  0 

1^0 

15.05 

V 

10.25 

CO2 

3.06 

Total 

28.36 

ATallabls  OocygBn 
ItOBi  Deooaposed 
IHtrogumldlne 

31.1 

^ 0 Recovered 

9*^.1 
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In  Figure  7.  Davie  and  AbreaM  (a)  did  not  find  any  coqrgen 'bearing  co^pounde 
In  the  subllaatc  other  than  eubUaed  aitroguanidlne.  It  can  therefore  be 
etated  that  the  oacygen-bearlng  produete  tram  the  deeoeipoeitlOD  of  nitroguan- 
idlne  are  nltroua  oxide,  earbOB  dioxide,  water,  aneellne,  and  aneelide.  The 
amounts  of  cyanic  acid,  cyanurlc  acid,  and  urea  foxand  anet  be  negligible. 

d.  Evolution  of  Anaonia  and  Water 

Tables  I,  n,  and  HI  indicate  that  the  anount  of  annonla  and  water  formed 
in  the  decompoeitioB  equals  the  Mount  of  nitrone  oxide  evolved.  This  fact 
is  in  good  agreement  vith  the  scheme  of  Davis  and  Abrams  (a).  Figure  7. 
According  to  the  scheme  of  Davis  and  Abrams  (a),  ssnaniia  is  evolved  in  the 
following  three  ways:  directly  from  the  portion  of  the  reaetlon  that  pre- 

eeeds  by  step  II,  from  the  hydrolysisof  cyanle  aeid  to  carbom  dloadde,  from 
the  dsaaewnolysis  of  melamlae  to  mslsm,  melam,  and  me  Hon.  Ibe  total  anmnnla 
and  carbon  dioxide  evolved  Is  known.  The  aae^a  evolved  in  the  formation  of 
Deism,  twlem,  and  mellon  can  be  calculated  from  the  data  of  Davis  and  Abrams. 
Iherefore,  the  sDiHnla  evolved  as  a direct  result  of  nltrogaanldlne  decorngposing 
by  step  n can  be  calculated.  From  the  latter  value,  the  percentage  of  the 
thermal  decomposition  proceeding  by  step  n,  accord!^  to  Davis  euid  AbrasM  (%)> 
is  calculated  as  approximately  23i> 

An  alternate  method  for  detersdnlng  the  percentage  of  the  reaction  pro- 
ceeding by  step  H Is  to  measure  the  total  amount  of  products  that  are  present 
as  a result  of  the  formation  of  cyanic  acid.  These  products  are  carbon  dioxide, 
aaeaeline,  aivd  aaeellde.  Using  the  values  of  Davis  and  Abrams  (a)  for  mBmllna 
and  sMmlide,  and  the  measured  valtae  of  carbon  dioxide,  the  percentage  of 
reaction  proceeding  by  step  II  is  2d](.  The  latter  value  is  not  nearly  as 
reliable  as  the  former  one,  becsDuse  it  neglects  any  hydrolyais  of  cyanamide 
to  cyanic  acid  In  the  formation  of  anneline  and  ammelide. 

e.  The  Ratio  of  Hltrous  Oxide  to  Aamonia 

The  ratio  of  nitrous  oxide  to  aaeonla  is  quite  Important  in  the  ignition 
of  nitroguanidlne  as  a propellant  and  seems  to  decrease  with  increasing  temper- 
ature. The  ratio  is  about  3:1  at  200°C  and  2.8:1  at  300*^. 

Figure  9 shows  the  spectrum  of  the  gaseous  products  of  a sample  of  nitro- 
guanidlne decomposed  at  170<^.  Figure  10  Is  the  spectnes  of  the  gaseous  pro- 
ducts from  the  solid  residue  of  a 2^C  decomposition  that  was  reheated  to 
500^0.  These  spectra  clearly  show  that  at  hl^wr  temperatures  the  ratio  of 
nitrous  oxide  to  amaonla  evolved  is  lower.  This  is,  to  some  extant,  due  to 
the  deasBOSkolysls  of  melam  and  mslsm  to  mellon.  The  reheated  residne  was 
colored  a bright  yellow,  which  is  very  characteristle  of  mellon. 

DISCUBSIOH  OF  RESULTS 

1.  Mechanism  of  Thermal  Decomposition 

We  have  shown  that,  according  to  the  scheme  of  Davis  and  Abrams  (a)  for 
the  dseomposition  of  nitrognanldiae,  approodmately  TJi  of  the  nitroguanidlne 
at  2k0^  decomposes  by  step  I.  An  alternative  proposal  that  explains  the 
observed  facts  is  that  all  of  the  nitrognenldlne  decempoees  by  stop  I.  The 
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erolutlon  of  oMBia  then  la  a result  of  tbs  hTdroljrsis  of  eyaasBlds  and  its 
polyBsrs.  Ihls  schsat  Is  portrajed  la  Figure  8.  Tbe  scbsM  caa  be  tested 
by  ealeulstiag  tram  tbs  aaount  of  saHoliae,  aMsUde,  aod  carbon  dloodde 
present,  hov  ■ueh  asnonia  would  be  evolred  due  to  their  fozvatlcn  by  hydro* 
lyels.  TSie  percentage  of  aanonia  evolved  of  tbs  total  decoeQosed  nltrognan* 
Idine  Is  thus  calculated  as  3d|(  * 2$,  Ibe  actual  pereeatage  of  iwrunte  evolved 
vas  33.5lt. 

The  latter  alternative  sobsae,  and  Davis  and  Ahrens  scbsne  (a),  are  In 
hamony  with  all  the  experlaentel  facts  as  discussed  la  paragraphs  2 a,  b, 
c and  d.  Fran  the  data  given,  It  Is  not  possible  to  distinguish  between  the 
two  sdienes  as  to  which  Is  the  correct  one.  Bowever,  we  have  shown  that  our 
experlnsatal  data  la  In  good  agreenent  with  both  of  then,  and  that  at  least 
Tfi  ot  the  nltroguanidlne  dseoeposes  to  nltrsnlde  and  eyaaanlds. 

2.  Application  to  Bnmlng  of  lltroguaaldlne  Prcpellaats 

Ihe  themal  dseonpoeltlon  of  nltrogoaaldlne  prooeeds  In  tbe  foUovlag 
nanner: 


Solid Gaseous  -t-  Solid  Products 

vniea  nltroguanidlne  bums  as  a propellant,  tbe  stepwise  process  probaUjr  eon* 
slsts  of  an  endotbexnle  themal  deconposltlon  to  gaseous  products,  which  In 
tom  eohblae  In  an  ezotheznlc  reaction,  the  nature  of  tbe  gBMS  that  are 

evolved,  tbe  ezothemlc  reaction  is  that  of  the  reaction  between  emotila  «d 
nitrous  oadde.  At  the  surface  of  a burning  nltroguanidlne  prepellant,  nltreus 
oodde  and  amonla  are  evolved  la  tbe  ratio  fron  our  themal  deconposltlOB 
studies,  of  3:1.  The  solid  products,  which  are  probably  dispersed  In  a higher 
tenperature  sone  be'breen  the  surface  and  tbe  flane  zone,  decoiVoee  or  are  hydro- 
lyzed, to  enrich  tbe  nitrons  oodde  * wsnnnle  nlxture  to  a Uniting  value  of 
about  1:1.  Tbe  fact  that  the  nitrous  oodde  aannala  ratio  Is  bl^  near  tbe 
suzfaee,  higher  la  fact  than  the  stolehlnetrlcal  equation  allows,  nay  be  of 
slgnlflcanee  In  explalalag  the  Irregular  bniming  of  nltroguanidlne.  Its  dif- 
ficulty of  Ignition,  and  the  high  pressure  exponent  In  the  bumlz^c  rate  of 
nltroguanidlne. 

RB3GLTB  OT  KDOTICS  OP  1BBMAL  DBCGMFOSZTXOir 
1.  The  Pnetlc  Hate  gquation 

The  mte  at  whldi  nltroguanldlBe  deconvoses  has  been  studied  over  a ten* 
perature  range  of  l8l^  to  200^.  The  extent  of  deconposltlon  has  been  deter* 
Bdaed  fron  the  anownt  of  nAtrous  oodde  evolved,  which  has  been  shown  to  be  a 
aeasure  of  deconpoeed  nltrognanldine.  The  Idnetlo  runs  were  carried  out  under 
a pressure  of  loss  than  1 m.  throughout  the  experlaent  — the  gaseous  prednets 
being  continually  withdrawn.  This  procedure  ninintwed  the  possibility  of  In- 
teraction between  gaseous  products  and  the  undeconiposed  nltroguanidlne. 

The  rate  law  which  seens  to  fit  the  data  over  a good  portlan  of  the 
decaaqposltlon  Is  the  following: 
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dN/dt  - -k  No  1 - c 

If  > the  amount  of  unde composed  nltroguanldlne 
Nq  ■ the  Initial  amount  of  nltroguanldlne  present 
k ■ a zero  order  rate  constant 

c ■ a constant  that  depends  on  the  relative  efficiency 
of  the  Inhibiting  factors  of  the  reaction 

t ■ time 

Equation  (l)  may  be  derived  In  the  following  way.  It  is  assumed  that 
only  those  molecules  that  are  at  a surface  or  are  exposed  by  a newly  created 
surface  can  decompose.  TSie  rate  of  decomposition  will  be  proportional  to 
the  number  of  B active  sites  on  the  surface.  Iliese  active  sites  are  assumed 
to  be  situated  at  lattice  Imperfections  in  the  crystal  and  are  mostly  on  the 
surface.  Uiey  will  be  proi  ced  in  the  neighborhood  of  deccxq>oslng  molecxiles 
on  the  stnrface  of  the  crystal,  due  to  strains  set  up  during  the  decomposition, 
and  also  due  to  the  exposure  of  new  crystal  surface.  B will  depend  on  the 
total  surface  area  of  the  crystals  which  is  deslg^ted  S at  any  time  t, 

djf/dt  « -k^S  (2) 

Experimentally  It  Is  found  that  the  reaction  la  inhibited  as  the  decom- 
position proceeds  and  does  not  follow  equation  2;  consequently  another  factor 
must  be  Introduced  which  allows  for  the  decrease  in  the  number  of  B active 
sites  with  Increasing  decomposition.  Bie  equation  below  expresses  this  fact: 

dR/dt  - -k^B  - -k^  1 - c ( -9  1, ! (3) 

L \ / J 

The  actual  physical  process  of  Inhibition  may  be  due  to  the  fact  that 
solid  decomposition  products  remain  on  the  surface  of  the  decomposing  material 
and  prevent  the  creation  of  new  surface,  “nie  strength  of  the  inhibition  Is 
Indicated  by  the  value  of  c. 

If  B depends  on  the  total  surface  area,  then  It  would  be  expected  that  the 
rate  would  depend  ^ R to  some  power.  For  Instance  In  the  case  of  a cubic 
crystal;  S ■ kj^R®^.  Rltroguanldlne,  however,  crystallizes  from  water  as  long, 
thin,  hollow  needles.  See  Figure  11.  In  this  case,  the  geometry  Is  such  that 
the  surface  area  would  not  decrease  appreciably  In  time  or  with  increasing  de- 
coBiposltlon.  This  is  especially  true  If  reaction  takes  place  on  both  inner  and 
outer  surfaces  of  the  hollow  needles.  Thsrefore,  S for  nltroguanldlne  Is  pro- 
portlonal  to  Rq  for  the  whole  decomposition,  and  consequently  equation  (3) 
becOBies 

dR/dt  - -k  Ro  1 - c j I (1) 

V / J 
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2.  Kinetic  Characterlatice  of  Decgnpoeltlon 

The  tbereial  deconposltlon  of  nitroguanldlne  after  approxlaately  fifteen 
to  twenty  percent  decoeipoeltlon  seeae  to  follow  the  zero  order  rate  law  of 
equation  (l).  A curve  of  percental  decoopoeltloo  versue  tlae,  plotted  in 
accordance  with  a first  order  rate  law.  Indicated  the  decoBQ)oaltlon  does  not 
obey  first  order  kinetics  over  any  peurt  of  the  reaction. 

Studies  on  Initial  rates  were  not  thoroughly  Investigated  because  of  a 
tlnte  lag  due  to  the  heating  up  of  the  solid  saniple  front  room  temperature. 

One  run  was  attempted  with  "ground  nltroguanldlne  crystals"  In  which  points 
were  obtained  for  low  values  of  tlan  and  percentage  dsccaposltlon.  Ihe  re- 
sults are  plotted  In  Figure  12.  Ihe  plot  clearly  shows  that  the  Initial  de- 
composition rate  seems  to  be  zero  order.  Moreover,  no  initial  acceleratory 
region  seems  to  be  in  evidence  as  described  by  Prout  and  Tompkins  (e,f)  In 
the  thermal  decomposition  of  permanganate  salts. 

Ihe  percentage  decomposition  of  nltroguanldlne  for  various  times  does 
not  vary  according  to  the  initial  size  of  the  saople  as  determined  by  experi- 
ment. This  fact  Is  generally  true  of  first  order  reactions,  but  can  be  true 
for  a zero  order  reaction  that  occurs  on  a surface,  the  size  of  which  depends 
on  the  initial  concentration  of  the  reactant. 

3.  Bvaluatlon  of  Rats  Coastants 

The  value  of  k and  c were  obtained  by  first  plotting  an  (Nq  - N)/No  vs 
t curve.  Values  of  -l/NQ<Ul/dt  obtained  from  this  curve  were  plotted  against 
(Nq  - N)/Nq.  If  eq^tlon  (l)  holds,  the  latter  ciirve  should  be  a straight 
whose  slope  is  -kc  and  whose  Intercept  Is  l/c.  ihe  values  of  k and  c for 
various  species  of  nltroguanldlne  are  given  in  Ihble  IV.  Plgvums  13  * 20  are 
plots  of  (Nq  - N)/Nq  vs  t curves  and  -l/RodW/dt  vs.  (Nq  - N)7No  curves  for  some 
of  the  samples  listed  In  Table  IV. 

A plot  of  -log  k vs  1/t  Is  given  on  Flguzm  21  and  the  following  rate  ex- 
pression is  calculated: 


k - 8.75  X K)22  e-57,100/RT  see . 

R ■ 1.99  cal. /mole 
T - °K 

h.  Rate  of  Decosiposltlon  for  Various  Species  of  Sltrogua"'»<<<w 

Table  IV  Indicates  that  the  "ground  nltroguanldlne  crystals",  "ground 
nltroguanldlne  crystals  with  catalyst",  and  "pressed  nltroguanldlne  crjrstals" 
have  about  the  sane  value  of  k at  189^C.  However,  the  values  of  c differ  quite 
markedly.  Pressing  the  "ground  nltroguanldlne  crystals"  Into  a pellet  form 
apparently  did  not  affect  the  mmber  of  active  sites,  but  did  Increase  the  In- 
hibition. Ihe  "ground  nltroguanldlne  crystals  with  catalyst"  sample  appeared 
to  be  very  strongly  Inhibited.  The  "needle -like  nltroguanldlne  crystals"  samvls 
gave  a much  higher  k value  than  the  "ground  nltroguanldlne  crystals"  saspls. 
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Table  IV 

Kinetic  Data  for  the  Decoopoeitlon  of  Nltroguaaldlne 
Tenperature  l80°C 


Species 

k(aln. 

C 

"grouod  nltroguanldlne  crsretale" 

.00199 

3.28 

Teaperature  lB9*’c 

Species 

c 

"ground  nltroguanldlne  crystals" 

.00W»7 

1.83 

"ground  nltroguanldlne  crystals  with  catalyst" 

,OOkS 

2.73 

"pressed  nltroguanldlne  exystals" 

.OOk^ 

2.31 

"ground  crystals  tram  needle-Uke  nltroguanldlne" 

.00528 

2.32 

"Eastaan  Kodak  nltroguanldlne  crystals" 

.00602 

1.68 

"needle -like  nltroguanldlne  crystals" 

.011 

1.63 

Teaperature  195.4°c 

Species 

k(mln."^) 

c 

"ground  nltroguanldlne  crystals" 

.0133 

1.6 

Teaperature  200^0 

Species 

k(aln. 

c 

"ground  nltroguanldlne  crystals" 

.0266 

l.llO 

"ground  nltroguanldlne  crystals" 

.0223 

1.27 

"ground  nltroguanldlne  crystals" 

.0288 

1.30 
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This  algbt  be  dug  to  tb«  fact  that  these  large  crystals  bad  acre  aetlte  spots 
thao  the  saaller  worm  perfect  crystals.  It  is  also  Ukeljr  that  oeeloded 
mother  Uq[uor  in  the  long  "needle -like  crystals"  caused  the  large  Increase  In 
the  value  of  k.  Ihls  is  suggested  by  the  fact  that  grinding  the  "needle-Uke 
crystals",  which  mlg^t  have  allowed  the  trapped  water  to  escape,  reduced  the 
walue  of  k to  a slightly  higher  value  than  the  "ground  nltroguanldlne  crystals" 
value  of  k.  Ibe  fact  that  the  "Eastaan  Kodak  crystals"  shoved  the  worst  devla- 
tlOB  from  equation  (l)  Indicates  that  they  probably  consisted  of  a mlrturs  of 
diffexvint  species  of  nltroguanldlne. 

Ihe  constant  c decreases  with  Increasing  tesqperature,  pexhaps  because 
of  Increased  deconposltlon  or  sublimation  of  solid  products  that  cause  Inhibi- 
tion In  the  rate.  The  exact  xiature  of  the  inhibiting  factors  have  not  been 
experimentally  determined.  One,  or  a number  of  the  solid  products,  could  have 
caused  Inhibition.  The  possibility  of  one  of  the  gaseous  products  causing  in- 
hibition by  being  absorbed  on  the  surface  cannot  be  discounted,  even  though  tbs 
deconposltlon  took  place  under  low  pressure  throughout. 

Several  photomlerogpraphs  of  "ground  nltroguanldlne  crystals"  for  various 
percentage  decompositions  are  given  In  Pigurea  22  and  23*  These  photognpbs 
Indicate  the  larger  crystals  decompose  faster  than  the  smaller  ones*  Moreover, 
by  1^  decoB^osltlon,  It  appears  that  the  outer  surface  of  the  nitroguanldlas 
crystal  Is  almost  completely  covered  with  dseompoclng  material.  This  Is  la 
accord  with  oir  observation  that  equation  (1)  holds  for  dseonposltlons  above 


SIMMRT 

The  gaseous  products  of  the  thermal  decosq^ltlon  of  nltroguanldlne  trcm 
l60OC  to  500®C  are  nitrous  aadde,  ammonia,  water  vapor,  and  carbon  dloxlds. 

At  2kOOC,  90^  of  the  oxygen  present  In  nltroguanldlne  appears  In  the  gaseous 
products.  The  ratio  of  nitrous  oxide  to  sMonia  evolved  at  2k0^  is  3:1* 
prlmsry  exothsxvic  rsactlon  In  the  burning  of  nltrog{Bsaidlne  Is  the  reaction 
between  nitrous  oxlds  and  aasonla.  The  meehanlsa  of  the  thermal  daeompoaltloo 
Involves  the  Initial  formation  of  nitramlde  and  cyenamlda  to  the  extent  of  at 
least  Tfi»»  The  suggestion  has  been  proposed  that  tha  evolution  of  sMonla  Is 
dus  to  ths  hydrolysis  of  cyanasdde  and  its  polymsrs. 

introguanldlas  dsconposes,  after  apprcxlmately  1%  deeonposltloin,  seeordlng 
to  the  rate  law  given  below: 


dM/dt  - -k  Ho  fl  - e 


wbsre 

k - 8.75  X 10^2  *-57,100/HT 

The  thermal  deconposltlon  appears  to  be  inhibited  by  solid  or  gaseous 
products. 
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FIG.  2 CROSS  SECTION  OF  HEATING  UNIT  WITH  SAMPLE  TUBE  IN  PLACE 
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ABSORPTION  TRAIN  FOR  GASEOUS  PRODUCTS  OF  THERMAL  DECOMPOSITION 


OF  A 240°C  THERMAL  DECOMPOSITION  OF  NITROGUANIDINE 
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7 1 HE  PROPOSED  SCHEME  OF  DAVIS  AND  ABRAMS  FOR 
THE  THERMAL  DECOMPOSITION  OF  NITR06UANIDINE 
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FIG.  II  "NEEDLE- LIKE  NITR06UANIDINE 
CRYSTALS"  IN  AQUEOUS  SOLUTION  VIEWED 
FROM  THE  BOTTOM  OF  AN  ERLENMEYER  FLASK 


T (MIN) 

FIG,  12  THERMAL  DECOMPOSITION  "GROUND  NITROGUANIDINE 
CRYSTALS"  AT  I89®C  FOR  LOW  TIMES  AND  PERCENTAGE 
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FIG.  13  THERMAL  DECOMPOSITION  OF  "GROUND 
NITROGUANIDINE  CRYSTALS"  AT  189"  C 
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FIG.  14  THERMAL  DECOMPOSITION  OF  "GROUND 
NITROGUANIDINE  CRYSTALS  WITH  CATYLYST"  AT  189  ° C 
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IG  15  THERMAL  DECOMPOSITION  OF  "PRESSED 
NITROGUANIDINE  CRYSTALS"  AT  189°  C 
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FIG  16  THERMAL  DECOMPOSITION  OF  "GROUND  CRYSTALS 
FROM  NEEDLE-LIKE  NITR0GUANIDINE"AT  I89°c 
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FIG  17  THERMAL  DECOMPOSITION  OF  "EASTMAN 


KODAK  NITROGUANIDINE  CRYSTALS"  AT  I89*C 
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FIG  18  THE  THERMAL  DECOMPOSITION  OF  "NEEDLE-LIKE 
NITROGUANIDINE  CRYSTALS"  AT  189“ 
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FIG.  19  THERMAL  DECOMPOSITION  OF  "GROUND 
NITROGUANIDINE  CRYSTALS*AT  195.4*0 
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FIG.  20  THERMAL  DECOMPOSITION  OF  "GROUND 
NITROGUANIDINE  CRYSTALS"  AT  200“C 
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c.  15%  DECOMPOSITION 

FIG  22  PHOTOMICROGRAPHS  OF  "GROUND  NITROGUANIOINE  CRYSTALS" 
AT  VARIOUS  STAGES  OF  THERMAL  DECOMPOSITION 
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a.  30%  DECOMPOSITION 
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b.  60%  DECOMPOSITION 
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CRYSTALS" 
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AT  VARIOUS  STAGES  OF  THERMAL  DECOMPOSITION 

THE  MAGNIFICATION  IS  HOOK 


SECURITY 

INFORMATION 


RESTRICTED 


